We describe a simple method that uses curved DNAs to move nucleosomes relative to a sequence of interest.
MATERIALS AND METHODS
Synthetic DNA Curves. Sequence-directed bending of DNA has been detected by electrophoretic and electron microscopic analysis (16) (17) (18) . These experimental observations led to the development of structural models for bent DNA, allowing the design and synthesis of extended DNA curves (19, 20) . Intrinsic bending of DNA molecules results from local structural polymorphism in regions of homopolymeric dA-dT, especially when these sequences phase with the helical periodicity of DNA [i.e., 10 .5 base pairs (bp) in solution].
The five different DNA double helices listed below were cloned into the BamHI site of a plasmid containing the T7 promoter and a chloramphenicol acetyltransferase (CAT) gene (Fig. 1 ). This plasmid (T7-CAT) is a derivative of pUC18 (5081-bp total length; (C. Collis, P. L. Molloy, G. W. Both and H.R.D., unpublished work). Clones were selected that had a single orientation with the BamHI site recreated to the right of the curved DNA insert. In each of the DNA molecules an additional two base pairs were inserted that adjusted the periodicity of a repeat (GGCCTAAAT) to 
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Individual fragments have the repeats staggered by two bases relative to each other. This alters the inclination of the curved DNA to the promoter. The distance from the beginning of the curve to the T7 promoter also changes, a fact we make use of later.
In order to radiolabel these DNA fragments, 10 jig of plasmid DNA was restricted with HindIII, BamHI, or PvuII. The linearized DNA was then treated with alkaline phosphatase and radiolabeled with T4 polynucleotide kinase and [y-32P]ATP before restriction with a second enzyme as indicated in the text. Alternatively, the plasmid DNA was restricted with HindIII or BamHI and radiolabeled with the Klenow fragment of DNA polymerase using [a-32P]dCTP. DNA fragments were purified by electrophoresis in nondenaturing 4% polyacrylamide gels and extracted by electroelution.
Transcription and DNase I Footprinting of Reconstituted Nucleosomes. Hist nes were reconstituted onto the radiolabeled DNA fragments by salt/urea dialysis (22) . Chicken erythrocyte histones H2A/H2B and H3/H4 were prepared by chromatography on hydroxyapatite (23) and dialyzed into 10 mM Tris HCl, pH 7.5/1 mM Na3EDTA/0.25 mM phenylmethanesulfonyl fluoride. The concentrations of the histone fractions was determined by absorbance at 230 nm, using an extinction coefficient of 4.2 cm-2-mg-1 (24) .
The integrity of the core histones was checked before and after reconstitution by denaturing polyacrylamide gel electrophoresis. The reconstituted nucleosomes were purified by sedimentation in a 5-30% (vol/vol) glycerol gradient containing 10 reconstitution and purification was monitored by electrophoresis through agarose gels run at low voltage and low salt concentration (14) . Xenopus liver chromatin digested with micrococcal nuclease provided mono-and dinucleosome markers.
Transcription and DNase I footprinting reactions were carried out under identical conditions, except that radiolabeled precursors were omitted from the footprinting experiments. Reaction mixtures (20 1.l) contained 10,000 cpm of radiolabeled DNA (i.e., -50 ng of DNA including pUC9 carrier), 7 mM MgCl2, 0.1 mM EDTA, 6 mM spernmidine, 8% glycerol, 10 mM Hepes (pH 7.4), 500 ,M UTP, ATP, and CTP, and 100 AM GTP, and 10 units of RNase inhibitor (Boehringer Mannheim). Transcription reactions included 10 ,uCi (370 kBq) of [a-32P]GTP or [a-32P]UTP and T7 RNA polymerase as indicated. DNase I digestion was as previously described (7) . Digestions of the reconstituted material with DNase I were performed in parallel with the digestion of free DNA controls. The reactions were stopped by addition of 10 mM EDTA. After phenol extraction and ethanol precipitation, the digestion products were resuspended in 99% formamide containing 1 mM EDTA, 0.03% xylene cyanol, and 0.03% bromophenol blue. After boiling for 1 min, the samples were electrophoresed through an 8% polyacrylamide/7 M urea gel for 4-5 hr.
RESULTS AND DISCUSSION
Reconstitution of DNA Fragments into Nucleosomes. We expected the presence ofthe DNA curves to alter the position of a nucleosome around the T7 promoter (14, 15) . Core histones were mixed with end-labeled DNA fragments (Hind-III-PvuII; see Fig. 1 ) and nucleosomes were reconstituted onto these fragments by salt/urea dialysis (22) . Two nucleosomes bound to each of the 271-bp fragments under these conditions (Fig. 2) . The dinucleosomes assembled on each fragment were fractionated away from mononucleosomes and naked DNA in glycerol gradients and footprinted with DNase I. The positions of mononucleosomes and dinucleosomes were assessed by using micrococcal digests of Xenopus liver chromatin as markers.
The DNase I footprints ( Fig. 3 ) suggested that one invariant nucleosome was associated with the CAT gene and that a second nucleosome was associated with the curved DNA. The nucleosome associated with the curved DNA appeared to alter its position relative to the nucleosome on the CAT gene depending on the particular construct. The nucleosomes The apparent structure of the dinucleosomes was unexpected. The nucleosome assembled onto the CAT gene appeared to have a boundary just downstream of the T7 promoter ( Fig. 3 ; see also Fig. 4 ) with the center of the nucleosomes dyad 190-200 bp from the HindIII site (Fig. 1) . The other nucleosome situated on the curve would then have to have less than 120 bp of DNA associated with it. To investigate this unusual structure further, the two DNA sequences to which nucleosomes appeared to bind were separated by cleavage with BamHI ( Fig. 1) ML.~B on a 181-bp fragment (BamHI-PvuII) containing the CAT gene and the T7 promoter as it does on the 271-bp fragment. Surprisingly, DNase I cleavage of the curved DNA was identical on both the 271-bp fragment and the 90-bp fragment (HindIII-BamHI) (data not shown). Our interpretation is that a histone octamer can associate with the curved DNA in a stable way despite there being >146 bp of DNA in the resulting nucleosome. Precedents exist for the asymmetric association of short linear DNA with a histone core (25, 26) . Moreover, DNA fragments as small as 80 bp can remain stably incorporated into a nucleosome (27) .
We excluded the possibility that a subnucleosomal particle was associating with the 90 bp containing the DNA curve.
Histones H3 and H4 associate to form a tetramer containing 70 bp of DNA in the absence of H2A and H2B (22) . The association of histones H3 and H4 as a tetramer with the 90-bp DNA fragment yielded a particle that migrated in nondenaturing polyacrylamide gels at a position different from that of the 90-bp DNA fragment reconstituted in the presence of H2A, H2B, H3, and H4 (data not shown). The nucleosome reconstituted with all four core histones did not contain two or more 90-bp DNA fragments, since its mobility was greater than that of control nucleosomes reconstituted with 146-bp DNA fragments. In summary with respect to structure, we have an unusual dinucleosome reconstituted onto a 271-bp DNA fragment. One nucleosome is positioned on the CAT gene; DNA begins to be associated with this nucleosome just beyond the 3' end of the T7 promoter (Figs. 3 and 4) . The second nucleosome is positioned over the DNA curve and contains <120 bp of DNA associated with it. The length of T7 promoter sequence incorporated into a nucleosome changes depending on the particular construct. With fragments A and B, the nucleosomes over the curved DNA and the CAT gene appear to be close packed. In fragment D the nucleosome over the curved DNA is positioned away from the nucleosome on the CAT gene, exposing part of the T7 promoter. A region of about 20 bp exists that has a similar pattern of DNase I cleavage in both naked DNA and the reconstituted nucleosome obtained with fragment D; this is denoted by arrows in Fig. 4 .
Transcription of Nucleosomal Templates. The introduction of different DNA curves adjacent to the T7 promoter alters the extent to which the promoter is associated with the surface of a nucleosome. We next asked whether the movement of the nucleosome affected transcription initiation by T7 RNA polymerase. We began by assessing whether the initiation of transcription by T7 RNA polymerase was sensitive to the curvature of naked DNA. The efficiency of transcription initiation by Escherichia coli RNA polymerase on various promoters is known to be influenced by DNA curvature (28) (29) (30) (31) . However, the presence or absence of curved DNA upstream of the T7 promoter was uniformly without effect on transcription efficiency (Fig. SA) . We next purified dinucleosomes assembled on radiolabeled 271-bp fragments (HindlIlPvuII) containing the different curved DNA fragments by glycerol gradient centrifugation (Fig. SC) Radiolabeled RNAs from the experiment detailed in Fig. SB were excised and radioactivity was quantitated by liquid scintillation counting. Results are given for reaction mixture 1 (naked experimental and control DNAs) and for reaction mixture 2 (naked control DNA plus reconstituted fragment containing the curved DNA). Similar results were obtained in two independent experiments, one of which used a separate set of reconstituted fragments. Only the ratios of experimental to control are shown for the independent experiment using a separate set of reconstituted fragments; these values are given in parentheses. *HindIII-EcoRI fragment (see Fig. 1 ).
tHindIII-Pvu II fragment (see Fig. 1 ). (Fig. 5C ). This suggests that T7 RNA polymerase did not displace nucleosomes on binding or subsequent transcription elongation. In this respect the CAT nucleosome appears similar in stability to the 5S RNA gene nucleosome (7) and unlike the unstable core particles prepared from bulk chromatin (6) . The reconstituted 181-bp fragment (BamHI-PvuII) containing a single nucleosome on the CAT gene was also transcriptionally active (data not shown).
CONCLUSION
We conclude that fragment D can be actively transcribed when assembled with two histone octamers (Figs. 2 and SB) . Fragments A and B differ from fragment D in that they are repressed when reconstituted with histones (Figs. SB and 6 ). All these fragments are transcribed equivalently as naked DNA (Fig. SA) . Therefore the apparent reduction in repression observed with fragment D is not due to a failure of T7 RNA polymerase to transcribe fragment D as naked DNA. The nucleosomes assembled using fragment D differ in two ways from those containing fragments A and B: the DNA of the promoter is exposed and the upstream nucleosome is associated with less DNA. It is possible that association with <100 bp of DNA would destabilize the upstream nucleosome. However, displacement of this nucleosome does not occur as a consequence of polymerase binding to the promoter (Fig.  5C ). When the promoter is exposed as a consequence of removing the curved DNA and the associated histone octamer, the template containing a single nucleosome on the CAT gene is active. Therefore promoter exposure (Figs. 3 and  4) probably accounts for the enhanced transcription of fragment D. Small reductions (<10 bp) in the accessibility of T7 RNA polymerase to the T7 promoter reduce transcription severely. These experiments serve to demonstrate the utility of curved DNA fragments in manipulating the position of nucleosomes relative to DNA sequences of interest. This simple method should prove useful for examining the significance of positioned nucleosomes in vitro and in vivo.
